Abstract: A tunable frequency-doubling optoelectronic oscillator (OEO) is proposed and experimentally demonstrated, of which the novelty lies in the conjunction of the doublesideband suppressed carrier (DSB-SC) modulation and the carrier recovery based on stimulated Brillouin scattering (SBS) effect. Frequency-doubled signals are generated via the DSB-SC modulation, which is realized by using a polarization modulator (PolM) in combination with an optical polarizer. Then, the gain provided by the SBS effect is used to recover the suppressed optical carrier, such that a fundamental-frequency oscillating required in the OEO loop is maintained. In the experiment, frequency-doubled microwave signals at 6.1 and 20 GHz are generated and analyzed. Meanwhile, the stability of the generated signals is also investigated.
Introduction
Optoelectronic oscillator (OEO), a significant source for generating high spectral purity microwave and millimeter-wave signals, has attracted extensively attention [1] - [3] . Due to the advantages of stability and low phase noise, the OEO has been widely employed in the fields of signal processing, radars, and wireless communication [4] - [7] . Usually, the frequencies of the generated signals are limited by the bandwidth of the electrical devices in the OEO. To cover higher frequency band, several approaches for frequency-doubling OEOs have been proposed [8] - [12] . For instance, a frequency-doubling OEO using a LiNbO3 Mach-Zehnder modulator (MZM) was proposed in [9] , where the MZM was biased at the minimum transmission point to realize doublesideband suppressed carrier (DSB-SC) modulation. To further extend frequency band of the generated microwave signals, a polarization modulator (PolM) assisted with two polarizers is applied [10] . Outside the loop, the DSB-SC modulation was implemented for frequency doubling by one polarizer, while a normal double-sideband (DSB) modulation was performed to keep oscillating inside the loop using another polarizer. Besides, a frequency-doubling OEO can also be realized by using a phase modulator, a phase-shifted fiber Bragg grating, and an optical filter with a fixed central wavelength [11] . An optical notch filter was used to remove the optical carrier. The central wavelength of the notch filter should be simultaneously adjusted to match the carrier, when the wavelength of optical carrier changes. Lately, a frequency-doubling OEO without optical notch filter was proposed by employing a dual-parallel (DP) MZM [12] . Six dc biases applied to the DP-MZM should be accurately controlled to maintain the carrier phase-shifted (CPS) DSB modulation.
In this paper, a novel tunable frequency-doubling OEO is proposed by using DSB-SC modulation and carrier recovery based on stimulated Brillouin scattering (SBS). The key contributions are the implementation of DSB-SC modulation without any optical filter or bias controller and the accurate carrier recovery using SBS. In the proposed OEO, a PolM and a polarizer inside the loop enable a stable DSB-SC modulation for realizing frequency doubling, which removes additional dc bias of the modulator and other optical element outside OEO loop, such as a notch filter. Therefore, the system can operate stably even when the wavelength of optical carrier changes. Meanwhile, to sustain the oscillating operation, the suppressed carrier is then recovered via the amplification effect of SBS, such that the DSB-SC modulation is converted into a normal DSB modulation, with the required fundamental-frequency signal generated. In addition, a section of highly nonlinear fiber (HNLF) serves as the Brillouin-active element, which can increase the Q value of the OEO. In the experiment, the generation of frequency-doubled microwave signals is verified.
Principle
The schematic of the proposed frequency-doubling OEO is shown in Fig. 1 . The light wave at f c from a laser diode (LD) is divided into two paths via an optical coupler (OC1). In one path, the light wave is frequency shifted to a higher frequency to act as the Brillouin pump light SBS, which can be realized by using single-sideband suppressed carrier (SSB-SC) modulation. The frequency-shifted light wave at f c þ v B is amplified by an Erbium-doped fiber amplifier (EDFA2) and then injected into an HNLF to stimulate the SBS effect, where v B is the backward direction Brillouin frequency shift. In the other path, the light wave is modulated by an oscillating signal, where the DSB-SC modulation is realized by the use of a PolM and a polarizer [10] . The output of the polarizer can be written as
where E i and ! c ¼ 2f c are the output field and the angular frequency of LD, respectively, is the phase modulation index, and ¼ 2f m is the angular frequency of the oscillating microwave signal. After passing through another optical coupler (OC2), the DSB-SC modulated light wave is divided into two parts. One part is sent to the photodetector (PD2) to generate a frequency-doubled microwave signal. In the case of the small-signal modulation, the generated microwave signal can be expressed as
where < is the responsivity of PD, and J 1 ðÞ is the 1st-order Bessel function of the first kind. The other part of the DSB-SC modulated light wave is sent to the HNLF via an isolator. Meanwhile, the SBS pump source, i.e., the frequency-shifted light wave, is injected into the HNLF in the opposite direction. Therefore, SBS gain acts on recovering the carrier that is suppressed in the DSB-SC modulation. In this way, the DSB-SC modulation is converted into a normal DSB modulation, which leads to the generation of the fundamental-frequency signal after the optical-to-electrical conversion by using PD1. The achieved fundamental-frequency signal is fed back to the RF port of the PolM, to keep the oscillating in the OEO loop. In addition, an electronic amplifier (EA) provides suitable gain and an electrical narrow-band bandpass filter (EBPF) performs the oscillation frequency selection.
Experiments
According to the setup shown in the Fig. 1 , an experiment is carried out by using a PolM (Versawave Technologies) with a 40-GHz bandwidth and a 1-km HNLF with a nonlinear coefficient of 30 ðW Á kmÞ À1 and a chromatic dispersion of À0.1 ps/nm/km at 1550 nm. When the EBPF with a center frequency of 10 GHz is adopted, the optical carrier is effectively suppressed and the spectrum of DSB-SC modulated light before the PD2 is measured. As shown in Fig. 2(a) , a suppressed ratio higher than 20 dB is achieved. Due to the SBS gain, the optical carrier can be recovered at the input of PD1, as shown in Fig. 2(b) which is the spectrum of a normal DSB modulated light wave. It also can be seen that, as the AE1st-order sidebands fall outside the SBS gain spectrum, only the carrier is amplified by the SBS effect.
The DSB-SC modulated light wave and the normal DSB modulated light wave are sent to PD2 and PD1, respectively; frequency-doubled and fundamental-frequency microwave signals are generated, respectively. The electrical spectrum of frequency-doubled signal at 20 GHz is shown in Fig. 3(a) . It is clearly seen that the power level of the frequency-doubled signal is 31.04 dB higher than that of the fundamental one. In addition, Fig. 3(b) shows the fundamental-frequency signal, which is generated to maintain the oscillating in the OEO.
The reconfigurability of the proposed frequency-doubling OEO is investigated by changing the central frequency of the EBPF. By using an EBPF with a 3.05-GHz central frequency, a fundamental-frequency microwave signal at 3.05 GHz and a frequency-doubled microwave signal at 6.1 GHz are generated simultaneously. The electrical spectra of the two signals are shown in Fig. 4(a) and (b) , respectively. A power difference up to 42.33 dB is obtained between the fundamental-frequency and frequency-doubled signals, indicating the excellent quality of the frequency-doubled signal. Moreover, the temporal waveforms of two signals are measured to simply demonstrate their qualities, as shown in Fig. 4(c) and (d) . By a comparison between the two temporal waveforms, the quality of the frequency-doubled signal is almost the same as that of the fundamental-frequency signal. Thus, little distortion is introduced for the frequency doubling. In Fig. 3 . Electrical spectra of (a) frequency-doubled microwave signal at 20 GHz and (b) fundamentalfrequency microwave signal at 10 GHz when the EBPF at 10 GHz is employed. addition, the phase noise of the frequency-doubling microwave signal at 6.1 GHz is measured to be À103.19 dBc/Hz at 10 kHz, revealing low phase noise for the frequency-doubling signal generated by the proposed OEO. The proposed approach has the potential for the continuous tunability by using photonics microwave filter to replace the EBPF, as shown in [13] - [15] .
Due to the limit on the external trigger of the employed oscilloscope (3.2 GHz, Agilent 86100C), only the frequency-doubled microwave signal at 6.1 GHz can be measured by setting the fundamental-frequency at 3.05 GHz as the trigger.
The stability of the frequency-doubling OEO has also been investigated. Within the time duration of 3 min, the electrical spectra of the frequency-doubled and fundamental-frequency signals were measured every 15 s. Fig. 5(a) shows the stability of the fundamental-frequency signal at 3.05 GHz, where the triangles describe the power drift which is about 0.17 dB and the circulars describe the frequency drift, which is estimated to be 1.23 kHz. The results of the frequency-doubled signal at 6.1 GHz are shown in Fig. 5(b) . The power drift and the frequency drift are estimated as 0.07 dB and 2.05 kHz, respectively. In addition, the proposed OEO operates stably for 30 min in the roomtemperature environment, and no significant frequency changes are observed from the electrical spectra and the waveforms. All these results indicate a stable operation of the proposed OEO.
Conclusion
A frequency-doubling OEO using DSB-SC modulation and carrier recovery has been proposed and experimentally demonstrated. The key features of the proposed frequency-doubling OEO have been listed as follows. First, no operation is needed outside the OEO loop, such as the use of optical notch filter to remove the optical carrier. Especially, this feature make frequency-doubling still working even when the wavelength of optical carrier changes. Next, no bias is needed, which circumvents the bias drift by using a MZM or a DP-MZM. Moreover, an accurate carrier recovery has been performed using SBS gain, such that the fundamental-frequency signal is generated from the normal DSB modulation to sustain the oscillating operation. In the experiments, the frequencydoubled signal at 6.1 or 20 GHz has been generated, with the electronic spectrum and temporal waveform measured and analyzed. Meanwhile, the stability of the generated microwave signal has been evaluated.
